Deep (typically >1000 m) shear wave velocity profiles were developed across the Canterbury basin at nine strong motion stations using a combination of active and passive surface wave methods and horizontal to vertical spectral ratio measurements. A multi-mode, multi-method joint inversion process, which included Rayleigh and Love wave dispersion and horizontal to vertical spectral ratio data, was used to estimate the shear wave velocity profiles at each site. Apriori geologic information was utilized in defining preliminary constraints on the complex geologic layering of the Canterbury basin. At sites where interbedded layers were present, velocity reversals were considered in the inversion. Shear wave velocity profiles developed as part of this study were combined with the median profiles from 14 Christchurch sites detailed in a separate study, to develop a suite of region and soil specific reference shear wave velocity profiles for the Canterbury basin. Site specific and reference shear wave velocity profiles developed as part of this study can be used for back-analysis of earthquake ground motions, forward analysis of future ground motions, full 3D physics based simulations, or to refine 3D velocity models for the region.
INTRODUCTION
The 2010 and 2011 Canterbury earthquake sequence (CES) occurred on a system of previously unknown faults within kilometers of and underneath the city of Christchurch, New Zealand (Barnes et al. 2011) . The most damaging of these earthquakes was the February 22, 2011 moment magnitude 6.2 event, which occurred underneath the city. This was the costliest earthquake in New Zealand's history with 185 fatalities and extensive structural damage and collapse. Approximately, half the buildings in the central business district (CBD) had to be demolished for economic and/or safety reasons ). Liquefaction was a major factor in damage to structures in the CBD , Green et al. 2012 ).
Furthermore, extensive liquefaction and lateral spreading in the suburbs surrounding Christchurch caused severe damage to nearly 15,000 homes with over half of these being deemed beyond economical repair , Green et al. 2012 ).
Ground motions from the CES were recorded by a dense network of strong motion stations (SMS) located in the city of Christchurch and the greater Canterbury region. These ground motions were quite complex in some areas with combined stratigraphy, basin, and directivity effects . Specifically, long-period motions were amplified and ground shaking durations were lengthened as a result of surface waves generated by seismic waves traveling through the Canterbury basin . To develop proper site effects estimates and ground motion predictions, the shallow and deep seismic velocity structure of the region must be known. However, prior to the CES very little information was available regarding the shear wave velocity (Vs) structure of the Canterbury region beyond a depth of 30 m.
Following the CES, researchers began charactering the shallow and eventually deep dynamic structure of the region. Surface wave measurements were made by Wood et al. (2011) and Wotherspoon et al. (2014) to characterize the near surface (top 30 m) at SMS located throughout Christchurch. Following the shallow characterization efforts, surface wave testing and horizontal-to-vertical spectral ratio (HVSR) measurements were made in the urban Christchurch area to develop deep Vs profiles to bedrock , Teague et at. 2015 . Although the exact testing locations for the deep Vs profiles did not correspond to the specific location of SMS due to site access limitations, the profiles can be used with site specific shallow Vs information by Wood et al. (2011) and Wotherspoon et al. (2014) to develop site specific Vs profiles to bedrock at these SMS. Extensive HVSR measurements were carried out by Wotherspoon et al. (2015) at 80 sites across the Canterbury plains (including Christchurch).
Using this and many other sources, a 3D seismic velocity model for the Canterbury basin (referred to as the CVM throughout the remainder of the paper) was developed by Lee et al. (2015) and Lee et al. (2017) which defines the depth of geologic unit boundaries for all major geologic units in the Canterbury region. Although a significant amount of Vs information is now available for the Canterbury region, much of it focuses on the city of Christchurch leaving many SMS and a significant portion of the Canterbury basin uncharacterized. This paper details efforts to characterize the deep (typically >1000 m) Vs structure of the Canterbury basin and to create a suite of region specific reference Vs profiles for the Canterbury basin. Both active and passive source Rayleigh and Love type surface wave data were collected along with HVSR measurements at nine SMS in the Canterbury plains. Vs profiles were inverted from the surface wave data and HVSR measurements using a multi-mode, multi-method joint inversion process. The resulting Vs profiles were combined with the median Vs profiles from the 14 Christchurch sites detailed in to develop a suite of region and soil specific reference Vs profiles for the Canterbury Basin.
CANTERBURY GEOLOGY
The Canterbury basin is located on the central-eastern portion of the South Island of New Zealand. It extends from the east coast approximately 20-30 km to the Southern Alps mountain range. The city of Christchurch is set on the eastern edge of the basin along Pegasus Bay. The city is bordered by the Banks Peninsula Volcano to its southeast and the coast of Pegasus Bay to the east. The Canterbury basin is composed of alluvial and pluvial layers consisting of dense layers of gravel along the western edge and transitioning into interbedded layers of gravel and softer deposits near the eastern coast. Shown in Figure 1 are the transition between entirely gravel layers into layers of interbedded gravel and softer materials along with the change in elevation towards the coastline (Figure 1a ) and the interbedded layering at Bexley Well 2 ( Figure   1b ). The softer interbedded layers are typically encountered in the first 250 m and are part of the Quaternary geologic unit. The top of the Quaternary unit is composed of the Christchurch or Springston formations. The Christchurch formation is typically encountered nearer to the coast and consists of mixed gravel, sand, silt, clay, and peat deposits, whereas the Springston formation is typically encountered further inland and primarily composed of alluvial sands and gravels (Lee et al. 2015 and . As presented in Figure 1a , the Springston formation is underlain by several thick gravel formations. Whereas, the Christchurch Formation is underlain by interbedded layers of gravel and softer deposits of mixed sand, silt, clay, and peat. The alternating soft and stiff layers under the Christchurch Formation produce numerous large velocity contrasts, which can significantly affect seismic wave propagation leading to basin effects and nonlinear soil behavior (Lee et al. 2015) . Underlying the potentially interbedded quaternary layers are the Pliocene (Kowai), Miocene, and Paleogene gravel formations located above the Torlesse Terrane rock formation (Barnes et al. 2016) . Although not present at the Forsyth et al. 2008 , Barnes et al. 2011 .
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SITE LOCATIONS AND TESTING METHODOLOGY
Surface wave and HVSR measurements were conducted at nine SMS within the Canterbury Basin (see Table 1 ). The location of each station is illustrated in Figure 2 along with the location of the 14 Christchurch sites where deep Vs profiles were developed by . Five of the sites tested in this study are located along the western portion of the basin where only gravel layers are present in the subsurface, whereas, four stations are located near the coastline where interbedded soft layers are present. Figure 3a . The MASW method was used to collect both Rayleigh and Love type active surface wave data at each SMS (Park 1999) . MASW testing was conducted using an array of 24 or 48, 4.5 Hz vertical (Rayleigh) or horizontal (Love) geophones with a uniform space of 2 m between each geophone (array length of 46 or 94 m, respectively) as shown in Figure 3b .
Rayleigh and Love waves were generated using vertical or horizontal blows from a 5.4 kg sledgehammer, respectively. To produce high quality data, allow for uncertainty quantification, and to minimize nearfield effects, multiple source offsets of 5, 10, 20, and 40 m from the first geophone in the array were utilized. A total of 10 sledgehammer blows were stacked at each source location to improve the signal-to-noise ratio of the recorded waveforms. 
DATA PROCESSING

DISPERSION PROCESSING
The active-source MASW data were processed using the Frequency Domain Beamformer which was determined during the Rayleigh wave analysis (i.e., using the vertical components).
The component perpendicular to Rayleigh wave propagation is assumed to be in line with the direction of maximum Love wave particle motion. However, this presumes Love waves arrive from the same azimuth as the Rayleigh waves, which may not always be the case. Therefore, caution should be used when analyzing Love waves from 2D passive arrays to ensure true Love wave propagation was measured in the field. In this study, Love wave dispersion data was compared to Rayleigh wave dispersion data from the HRFK and MSPAC processes and inversions conducted with and without Love wave dispersion data were compared to ensure the Love wave dispersion data are consistent with Love wave propagation.
The MSPAC method (Bettig el al. 2001 ) was also used to compute Rayleigh wave dispersion data from the passive-source MAM data. Sensor pairs were divided into five circular sub-array rings. An average autocorrelation value was computed for each ring, which enables processing of imperfect circles (Bettig et al. 2001 ). Auto-correlations were developed by dividing the time records into 180 second windows and computing auto-correlation values at 125 frequency bins spaced between 0.1 and 10 Hz logarithmically. Average and lower-and upper-bound phase velocities were selected from histograms. These were used to define dispersion curves for each array with associated uncertainty. The dispersion curves from each array were combined to form a single composite experimental dispersion curve.
To create a mix-method composite dispersion curve, the individual curves from each array and method were first cleared of any outlying phase velocity points. The dispersion curves from each array were then compared to identify significant deviations from the composite trend.
Examples of such deviations are effective mode data and near-field effects. These deviations were removed from the dispersion data. Dispersion data from the HRFK method with wavenumber outside of the maximum and minimum array resolution limits (kmin/2 and kmax/2 per Wathelet et al. 2008) were considered less reliable then data within the limits and removed in most cases. However, some of this data was preserved if it compared well with data from other arrays or with dispersion data from other methods, (i.e, MSPAC and MASW). Therefore, some dispersion data beyond the array resolution limit were included in the inversion. Following elimination of poor quality data, the dispersion curves from all arrays were averaged to form a single composite dispersion curve.
HVSR PROCESSING
The passive-source (MAM) array data were also used to develop HVSRs for each of the ten seismometers for all arrays. Time records were divided into 180 second windows with an HVSR curve computed for each window. The squared average of the horizontal components were used for spectral calculations. Konno and Ohmachi (1998) frequency smoothing, with a coefficient of 40, was used to reduce spikes in the Fourier amplitude spectra. A single average HVSR peak, with associated standard deviation, was computed from the HVSR peaks of all sensors in all arrays (30 to 40 peaks) if the peaks were consistent between sensors and arrays (i.e., 1D subsurface structure). The fundamental HVSR peak was assumed equal to the fundamental Rayleigh wave ellipicity peak and used in a joint inversion with the dispersion data to constrain the depth to bedrock (Scherbaum et al. 2003 
INVERSION
The composite experimental dispersion curve and HVSR peak for each site were used in a joint inversion using the Geopsy software package Dinver (Wathelet et al. 2008) . Dinver operates by generating trial Vs profiles using a neighborhood algorithm (Thomson 1950 , Haskell 1953 , Dunkin 1965 , Knopoff 1964 ) within user-defined constraints. A corresponding theoretical dispersion curve is computed for each Vs profile and compared with the experimental dispersion curve to estimate the goodness of fit using a misfit function. The user defined constraints or layer parameterization for the inversion are velocity (Vs and Vp), depth, Poisson's ratio, density, and the number of layers in the soil profile. The use of a parameterization in Dinver aids the inversion process by reducing the size of the solution space from which velocity profiles can be generated. However, the accuracy of the Vs profiles obtained from the inversion have been shown to be greatly dependent on the parameterization used in the inversion (DiGiulio et al. 2012 ). Therefore, it was an essential component of the inversion processes to properly arrange the parameterization for each site.
The layer parameterization at each site was developed based on estimations of the regional geology primarily detailed in Lee et al. (2017) . Water and petroleum well logs along with seismic reflection, shallow (30 m) surface wave testing, and CPT tests for Vs correlations conducted over the Canterbury region were compiled in generating a velocity model for the Canterbury region (Lee et al. 2017) . Using the geologic model, an approximation of the soil strata down to bedrock were developed for each SMS location. Seismic reflection data allowed for more detailed estimation of layer interfaces; however, the accuracy of the velocity values from reflection are negatively influenced by the previous discussed velocity inversions in the subsurface. Therefore, the reflection data from the velocity model was primarily used as a constraint on the range of depth and thickness for each layer in the parameterization rather than velocity limits for layers. A range of velocity, density, and Poisson's ratio values for each layer were estimated based on the type of material expected in each geologic strata. The range of Vs values was defined based on Vs reference curves, by Lin et al. (2014) For each site, 1-2 million models with corresponding Vs profiles, Rayleigh and Love wave dispersion curves, and ellipicity curves were generated in an effort to obtain the best dispersion curve fit. Within Dinver, the misfit or the overall 'closeness' between the experimental and theoretical dispersion curve is computed for each model. In order to obtain the closest fit of the experimental dispersion curve, Dinver attempts to minimize the misfit at each frequency point along the experimental dispersion curve. The misfit is computed following a modification of the Wathelet (2004) misfit equation to account for both the HVSR peak and the dispersion curve with associated uncertainty as detailed in . Misfit values less than one indicate that the theoretical dispersion curve and ellipicity peak primarily fit within one standard deviation of the experimental dispersion curve and ellipicity peak. A misfit value greater than one, indicates that the theoretical dispersion curve does not adequately represent the experimental data. However, misfit values can vary greatly between various locations (Cox and Teague 2016) dependent of the quality and quantity of dispersion data and the complexity of the geology . Typically, the 1000 lowest misfit or closest fit profiles were utilized as a representative sample to generate a characteristic median Vs profile and to determine uncertainty for each site.
SURFACE WAVE INVERSION RESULTS
The results for the Templeton (TPLC) site will be discussed in detail as a specific example of the challenges in the inversion process, before the results for all sites are presented.
TEMPLETON (TPLC) RESULTS
The TPLC SMS is located in the small town of Templeton on the outskirts of Christchurch and near the coast where interbedded soft and stiffer soil layers are present in the first 150 m.
Therefore, velocity reversals were expected in the first 150 m, requiring a more complex inversion to account for velocity reversals instead of a simpler normally dispersive inversion. excluded from the inversion due to effective mode propagation. The Rayleigh wave data between 0.1 and 1 Hz were considered fundamental mode or first higher mode (R0-R1) data. Typically, at low frequencies (<0.5 Hz), the MSPAC results indicated a lower dispersion velocity than the HRFK results. As noted by Asten and Boore (2005) , low frequency HRFK data can trend toward higher dispersion velocities than MSPAC data due to azimuthal smearing when waves are impinging on the array from multiple azimuthal directions. However, HRFK data is often more reliable when waves propagate from single azimuthal direction. Therefore, for each analysis either MSPAC or HRFK data was removed from portions of the frequency range with the HRFK often trusted at higher frequencies and MSPAC data trusted at low frequencies. For the Love wave dispersion curve, the first higher mode (L1) was resolved over the entire frequency range. The Rayleigh and Love wave theoretical dispersion curves for the 1000 lowest misfit velocity models for the TPLC site are presented along with the experimental dispersion data in Figure 5a and 5b, respectively. The theoretical dispersion curves associated with the median Vs profile from the 1000 lowest misfit Vs profiles are also included. The theoretical dispersion curves fit the fundamental and first higher mode experimental data well with a minimum misfit value of 0.39. Due to the transition between modes, some of this portion of the curve was removed prior to the final inversion. Effective or higher mode data, which is mistakenly classified as fundamental mode, will potentially have much higher Vs than what is representative of the subsurface. Through numerous iterations, the sections of the data determined to be effective mode were not used in the solution. Therefore, the theoretical curves do not closely match that portion of the experimental curve. 
R1
The experimental HVSR curve with associated plus-and minus-one standard deviation is provided in Figure 5c . The average HVSR peak measured at the TPLC site was 0.179 ± 0.02 Hz represented by the vertical dashed black line in Figure 5c . The fundamental mode Rayleigh wave ellipicity curve, calculated from the median Vs profile of the top 1000 lowest misfit Vs profiles was calculated to be 0.192 Hz, which is within the standard deviation of the experimental peak. The 1000 lowest misfit Vs profiles and the standard deviation in the natural logarithm of the Vs profiles (sigma ln Vs) associated with the profiles (sigma ln Vs or σ(ln(Vs) approximates coefficient of variation for log normal distribution), for the TPLC site are shown in Figure 6a with geologic layering for the top 200 m and in Figure 6b for the top 2000 m. In the first 150 m of the profile, there are several major velocity reversals, which correspond to distinct geologic units determined from the CVM. Although layering from the CVM was used to define the parameterization. The inversion algorithm was allowed some freedom to determine the most accurate layering for the experimental data. Therefore, the derived Vs profiles may vary slightly from the layering provided by the CVM. Even though these velocity reversals are beyond the blind resolution ability of methods used, their use in the inversion process provides a better representation of the geology of the site than a simplified normally dispersive model ).
To ensure reasonable velocities, Vs profiles from the inversion were compared to soil specific reference Vs profiles (Lin et al. 2014) 
RESULTS FROM ALL SITES
The Rayleigh and Love wave theoretical and experimental dispersion data from the inversions for all nine SMS locations are shown in Figure 7 . The theoretical dispersion curves in Figure 7 include the 1000 lowest misfit dispersion curves and median dispersion curve calculated from the median of the 1000 lowest misfit Vs profiles. Although the TPLC inversion included only fundamental and first higher mode data, inversions at most other sites include fundamental, first higher, second higher, and effective mode data. Similar to the TPLC site most sites tested tended to have fundamental mode Rayleigh wave propagation at frequencies greater than 10 Hz and less than 1 Hz. Higher or effective mode Rayleigh wave behavior tended to dominate within a zone of complex wave propagation (see Figure 4a ) typically between 1 and 10-20 Hz for most sites. Also, similar to TPLC, Love waves tended to propagate at the first higher mode for most sites with some sites having fundamental mode Love wave propagation at frequencies higher than 10-20 Hz. At each site, a misfit of less than 0.80 was achieved with the theoretical curves fitting the experimental data well for modes that were well defined (i.e., not effective modes).
Horizontal-to-vertical spectral ratios results from all sites are shown in Figure 8 . The experimental mean HVSR curve with associated plus-and minus one standard deviation bounds and the peak spectral ratio are provided for each site. Experimental HVSR peaks ranged from 0.148 Hz to 0.196 Hz corresponding to the bedrock depth and soil stiffness for each site.
However, the experimental peak from SWNC did not meet the criteria for a clear peak per SESAME (2004) and may not be representative of bedrock depth. Present at several sites (DFHS, GDLC, RKAC, ROLC, SLRC, and LINC) were slight minor peaks between 0.7 to 1.2 Hz, typically, the frequency of these peaks corresponded to the depth of the Riccarton or Linwood gravel formations. The theoretical median HVSR curve and peak for each site are included in Figure 8 . Theoretical peaks ranged from 0.140 Hz to 0.201 Hz and were typically within 0.004 to 0.020 Hz (< ±1σ) of the experimental average peaks. Figure 9 contains the top 1000 Vs profiles, the lowest misfit profile, the median of all 1000 lowest misfit profiles, and the counted 5 and 95 percent confidence intervals of the Vs data from the inversion for each site. Also shown is the sigma ln Vs in the plot adjacent to each Vs profile.
The median Vs profiles for each site are also tabulated in Table 2 . The ROLC, SLRC, and LINC sites, like the TPLC site are located on interbedded deposits closer to the east coast. The remaining five sites are located on gravel only deposits closer to the Southern Alps. As with the TPLC Vs profiles, sites with interbedded deposits have a higher sigma ln Vs in the top 150 m, while gravel only sites typically have a lower sigma ln Vs in that range. Also, similar to TPLC, Figure 7 . Rayleigh and Love wave dispersion data from all nine Canterbury sites, including raw experimental dispersion targets with the dispersion curve generated from the median velocity profile (the median dispersion curve) overlaying the 1000 best or lowest misfit models for each applicable mode. A median and 1000 lowest misfit fit theoretical dispersion curves are provided for each mode. Figure 8 . Theoretical HVSR curves generated from the median Vs profile compared to the experimental HVSR curves for each site. the location of bedrock at each site is characterized by a sharp increase in Vs between 1160-2254 m below the surface. In general, bedrock depths from the inversions were poorly constrained, and typically overestimated or underestimated the location of bedrock at most sites compared to the CVM. This poor constraint is somewhat expected since the bedrock depth at most sites lies beyond the array resolution limits used during testing. However, given the relatively good fits to the dispersion and HVSR data at each site, the true bedrock depth at each site likely lies within the bedrock estimates from the cloud of Vs profiles from each inversion. This is further supported by the fact that the bedrock depths from the CVM were determined through seismic tomography (Eberhart-Phillips et al. 2010) , which has diminished accuracy above three km and seismic reflection lines were sparsely located throughout the Canterbury region (Lee et al. 2017 ). Figure 9 . Shear wave velocity profiles resulting from the inversion for each site in this investigation. The shear wave velocity profiles from top 1000 best fit inversion models in gray the median of all 1000 profiles in red. The blue dashed lines represent the counted 5 and 95 percent confidence intervals of the data. Also shown is σ(ln(Vs) in the plot right of the shear wave velocity profiles. Table 2 . Median shear wave velocity (Vs) and depth to layer bottom for each of the nine Canterbury strong motion station sites. The dashed line represents the array resolution limit kmin/2 (wavenumber/2) Wathelet et al. (2008) .
COMPARISON OF VS PROFILES
Median Vs profiles from each Canterbury SMS tested in this study are compared in Figure 10 along with the median Vs profiles detailed by at 14 sites in the city of Christchurch. The Canterbury sites, as discussed previously, are separated into two categories:
interbedded and gravel only sites. Therefore, with the inclusion of the profiles, there are three datasets of profiles in Figure 10 were all measured at sites with interbedded geologic profiles making them similar to the interbedded sites in this study. Because the depth to bedrock across the Canterbury Median Vs profiles are also compared to reference Vs profiles developed by Lin et al. (2014) in Figure 10 . Using the reference Vs profiles, the soils in the top 250 m were rudimentarily classified into three groups: very dense gravels, gravels, and soft soils (sand, silt, and clay).
Layers classified as soft soil typically correspond to velocity reversals (i.e., sand layers in the (Lin et al. 2014) . Along with ln(Vs) to show uncertainty. The profiles are separated by site type: interbedded sites in the Canterbury plains, gravel only sites in the Canterbury plains, and interbedded sites in Christchurch . The gray lines represent the bedrock layers of these profiles.
DEVELOPMENT OF REFERENCE VS PROFILES
For layers in each Vs profile, the velocity and median depth for each layer were determined (referred to as center velocity points or CVPs) and plotted in Figure 11 . The CVPs were divided into five groups based on (1) soil type (soft soil, gravel or, very dense gravel) from the Lin et al.
(2014) reference Vs profiles, (2) site location (interbedded or gravel), and (3) developer (this study or ). These groups are shown in Table 3 along with one additional group, the Canterbury basement gravels (CBG), which includes all CVPs. A first order powerlaw function, following the format used by Lin et al. (2014) , was fit to the CVPs in the top 500 m for each group. These fits are shown in Figure 11 . The power law functional form is provided in Equation 1. Where:
• As = shear wave velocity corresponding to one atmosphere mean effective stress
• σ'o = mean effective stress
• Pa = atmospheric pressure (1 atm)
• ns = empirical normalized mean effective stress exponent Based on the power law fits, the TISS and CISS curves (interbedded soft soils) and the TIG and CIG curves (interbedded gravel soils) have very similar coefficients and plot very close to one another indicating good agreement between the interbedded Vs profiles in this study and the study. In addition, in Figure 11 , the sigma ln Vs between the TISS and CISS and TIG and CIG curves are less than 0.092 also indicating good agreement between the corresponding datasets. Therefore, it was determined that the TISS and CISS CVPs could be combined into one dataset and the TIG and CIG CVPs could be combined into one dataset. Since the velocity of the CGO curve was significantly higher than the interbedded curves, it was not combined with other datasets. Below a depth of approximately 500 m, the sigma ln Vs of the entire data (shown in Figure 11 ) is less than 0.1 indicating good agreement between all datasets below 500 m. Therefore, it was determined that three reference Vs profiles (interbedded soft soils, interbedded gravels, and gravel only) should be developed in the top 500 m and only one curve (basement gravel) for depths greater than 500 m. Figure 11 . Power fits through the median shear wave velocities of the various soils encountered in the Canterbury plains and sigma ln Vs to estimate uncertainty. The soils are separated into three main categories from both investigations: soft soils or sands, gravels from the interbedded sites, and very stiff gravel from the gravel only sites. Note that CS represents Canterbury Sites and TS represents sites (Christchurch).
The four, region and soil specific, reference Vs profiles discussed previously are shown in At depths greater than 30 m, each reference Vs profile generally has a σln(Vs) less than 0.1-0.15. However, at depths less than 30 m, a higher uncertainty (σln(Vs)) is observed. Therefore, it
is not recommended that the reference Vs profiles be used for depths shallower than 30 m.
Rather, a shallow site-specific Vs profile should be measured at the site and potentially used with the reference Vs profiles. At 500 m, the dashed line in Figure 12 , represents that point where one
should start utilizing the CBG reference Vs profile rather than the soil specific reference Vs profiles. The COV was effectively constant at all depths for the gravel only sites
CONCLUSIONS
The Vs structure for the geologically complex Canterbury region of New Zealand was characterized at nine SMS scattered through the region using a combination of active and passive surface wave methods and HVSR. Sites were located on soil deposits between 1100 and 2300 m deep consisting of either stiff gravel or interbedded layers of gravels and softer soils. The interbedded geology tended to produce higher mode Love wave dispersion data over fundamental mode. Furthermore, at each site a zone of complex wave propagation developed between 1 and 10-20 Hz, which made mode assignment more ambiguous. To develop Vs profiles in this geologically complex area, significant a priori geologic information was compiled in an effort to constrain the solution space of the inversion models. The Vs profiles were developed through an iterative multi-mode, multi-method inversion process including Rayleigh and Love wave dispersion data and HVSR peaks. Vs profiles were developed with estimates of associated uncertainty at each site (a maximum of 2300 m). Vs profiles developed in this study were combined with Vs profiles from the 14 Christchurch sites , to develop a suite of four region and soil specific reference Vs profiles for the Canterbury basin, which may be used to define deep Vs properties across the Canterbury plains. Site specific and reference Vs profiles developed as part of this study can be used for back-analysis of earthquake ground motions,
